1. Introduction {#s0005}
===============

The number of clinical and preclinical studies, assessing the use of laser light in the prevention and treatment of oral mucositis (OM) in oncological patients undergoing chemo and/or radiotherapy, is rapidly growing ([@bb0085]). Despite the exact mechanisms by which laser light impacts on biological tissues have not been clarified, the remarkable reduction in local inflammation and promotion of wound healing ([@bb0080]), eventually results in a rapid analgesic effect and in a net improvement in the quality of life of the patients ([@bb0035]).

Since 2009, we are successfully exploiting Class IV laser light in our clinical practice for both the prevention and the treatment of radio/chemo-induced OM and dermatitis ([@bb0030], [@bb0055], [@bb0100], [@bb0060]), constantly obtaining a faster wound healing and a reduced relapse frequency. We have recently compared the efficacy of low-power and high-power laser therapy (LPLT and HPLT) approaches, differing in their wavelength (635 nm for the LPLT and 970 nm for the HPLT) and thus in tissue penetration capacity. We found that both protocols, but mostly HPLT, are able to stimulate the formation of new arterial vessels and the proliferation of vascular smooth muscle cells ([@bb0100]).

These encouraging results also opened additional, relevant questions. In particular, considering that the laser therapy, recently named as photobiomodulation (PBM) ([@bb0015]), is often applied to head and neck oncological patients, what could be the consequence of promoting angiogenesis and cell proliferation on either dysplastic or neoplastic lesions within the oral cavity of the patients? A few studies have so far assessed the effect of laser light on cancer cell metabolism and proliferation, supporting the hypothesis that PBM could foster the development and the growth of neoplastic lesions ([@bb0040], [@bb0115]). However, studies investigating the effects of laser irradiation on different tumor cell lines in vitro have generated conflicting results, and very few of them considered the behavior of tumor cells in vivo, using different protocols and obtaining inconsistent data ([@bb0050]).

Based on these considerations, here we explored the effect of PBM both in cultured cells and in various in vivo models of cancer. In particular, we compared the activity of 3 different laser protocols (L1, L2 and L3), based on the wavelengths most commonly used in pre-clinical and clinical studies (660, 800 and 970 nm, respectively).

2. Material and Methods {#s0010}
=======================

2.1. Laser Devices and Protocols {#s0015}
--------------------------------

A gallium arsenide (GaAs) + indium gallium aluminium arsenide phosphide (InGaAlAsP) diode laser device (class IV, K-Laser Cube series, K-laser d.o.o., Sežana, Slovenia) was employed to irradiate cultured cells and animals. To provide a uniform irradiation to multiwell plates, the device was equipped with an adapted prototype probe, specifically designed by Eltech S.r.l. Cells were seeded on sterile 24-well plates (well area: 2 cm^2^) in 500 μl of medium without cover during irradiation. The emission tip was hold perpendicular above the culture media and the irradiation was carefully timed and carried out in a dark room. The diode area laser source consisted of equal diodes, which emitted an elliptic laser field with a Gaussian distribution of irradiance ([@bb0140]). The emitted light completely covered the irradiated field of each culture plate, as assessed using an optical power meter. The control group was not exposed to laser, but during the laser treatment dishes were removed from the incubator, the cover was removed and cells were kept at room temperature (RT). Three different laser protocols were employed:-L1: λ 660 nm, laser power 100 mW, irradiance 50 mW/cm^2^, fluence 3 J/cm^2^, time 60 s, continuous wave-L2: λ 800 nm, laser power 1 W, irradiance 200 mW/cm^2^, fluence 6 J/cm^2^, time 30 s, continuous wave-L3: λ 970 nm, laser power 2.5 W, irradiance 200 mW/cm^2^, fluence 6 J/cm^2^, time 30 s, continuous wave

The same protocols were applied in vivo, once a day for 4 consecutive days, keeping the laser pointer perpendicular above the affected tissues (tumor area 2 cm^2^).

2.2. Cell Lines and Primary Cells {#s0020}
---------------------------------

Mouse B16F10 melanoma cells (CRL-6475; ATCC) and human bone osteosarcoma cells (U2OS, HTB-96; ATCC) were grown in complete medium with DMEM 1 g/L glucose supplemented with 10% of FBS, 2 mM [l]{.smallcaps}-glutamine, penicillin and streptomycin.

Human skin fibroblasts (HSF, PCS-201-012; ATCC) were plated in complete medium (PCS-201-041; ATCC). Commercial human umbilical vein endothelial cells (HUVEC, CRL-1730; ATCC) were seeded onto gelatin pre-coated acrylic plates, in complete medium (EGM, CC-2517; Lonza). Primary bone marrow-dendritic cells (BM-DCs) were isolated by flushing femura and tibiae of C57BL/6 male mice with RPMI-1640, followed by red blood cell lysis with Ammonium-Chloride-Potassium (ACK) buffer and supplementation with murine recombinant granulocyte macrophage-colony stimulating factor (GM-CSF, 800 U/ml). Aggregates of BM-DCs, evident upon removal of granulocytes and residual lymphocytes, were dislodged by gentle pipetting, counted and plated. mDCs were harvested after 7 days, when the number of CD11c^+^ was higher than 80%. DCs were also treated with lipopolysaccharide (LPS, 200 ng/ml) endotoxin to promote the secretion of pro-inflammatory cytokine.

2.3. In Vitro ATP Production Assay {#s0025}
----------------------------------

Cells plated on 24-well plates were exposed to the various laser protocols and cell proliferation was measured at 24 and 48 h using the ATPlite Luminescence Assay System (PerkinElmer, Waltham, MA), according to manufacturer\'s instructions. Experiments were performed on 3 biological replicates, each one consisting of 3 technical replicates.

2.4. Animal Models {#s0030}
------------------

Animal care and treatment were conducted in conformity with institutional guidelines in compliance with national and international laws and policies (European Economic Community Council Directive 86/609, OJL 358, December 12, 1987) and upon approval by the Institutional Animal Care Use Committee and by the Italian Minister of Health. *Ifnar1*^*−/−*^ (IFNAR KO) mice, lacking the α chain of the type IFN α/β receptor. on a C57BL/6 background were provided by U. Kalinke (Twincore, Hannover Germany).

Animals (n = 48 C57BL/6 and n = 24, IFNAR KO 6-week-old female mice) were housed under controlled environmental conditions for 5 days with a 12-hour light/dark cycle. Each animal was injected with 1 × 10^6^ B16F10 melanoma cells at the dorsal subcutaneous level. After 10 days, when all masses were clearly detectable, C57BL/6 and IFNAR KO mice were homogenously divided according to tumor size into 4 and 2 groups, respectively. C57BL/6 mice were treated with L1, L2 and L3 protocols, while IFNAR KO mice with L3 protocol from day 11 to 14, whereas one group was used as a control. Tumor volume and mice weight were daily evaluated using a caliper and calculated applying the following formula: V = π/6 \* (d~max~^2^ \* d~min~/2) ([@bb0130]). At the end of the experiment (day 15) tumor masses were eventually harvested for accurate measurement of their volume and weight, prior to histological or flow cytometry analysis.

For the oral carcinogenesis model, 50 6-week-old C57BL/6 female mice were used, following the same guidelines described above. The 4-NQO carcinogen (Sigma-Aldrich) was dissolved in propylene glycol (4 mg/ml), diluted in the drinking water to a final concentration of 50 μg/ml, administered to mice for 16 weeks and replaced by regular water starting from the 17th week. All mice were weighed every 4 weeks ([@bb0025], [@bb0065]). Mice were randomized to receive only the 4-NQO carcinogen (n = 25, control) or to be also exposed to the L3 laser protocol (n = 25, laser group) for 4 consecutive days during the 20th week. Dysplastic and neoplastic oral lesions, mostly located on the ventral side of the tongue, were diagnosed and processed to both macroscopic and microscopic examination by week 21.

The minimal number of animals compatible with obtaining valid scientific results was calculated by a statistical design of the sample size using the software <http://homepage.stat.uiowa.edu/~rlenth/Power/>, setting a variation coefficient (s) of 30%, alpha of 5%, and a power of 80% (p).

Randomization was performed using a random number schedule and the main experimenter was blind to group assignment.

2.5. Evaluation of Thermal Effect {#s0035}
---------------------------------

The temperature of the medium inside the cell culture wells and on the body surface of mice was monitored at baseline, during and after PBM using the Ti20 Thermal Imager (Fluke), as graphically described in [Supplementary Fig. S1](#f0025){ref-type="graphic"}.

2.6. Histology and Immunofluorescence {#s0040}
-------------------------------------

For histopathological evaluation, 5 μm tissue sections were stained with haematoxylin and eosin and analyzed by three independent reviewers. The observed lesions were classified into 5 different types: mild dysplasia (D1), moderate dysplasia (D2), severe dysplasia (D3), in situ squamous cell carcinoma (SCC) or invasive SCC. Histopathological diagnosis and grading were based on established criteria ([@bb0010], [@bb0120]) to obtain the following measures: i) the extension of each lesion (D1, D2, D3, in situ SCC, invasive SCC), expressed as a percentage of the total perimeter of the tongue; ii) the number of areas involved by D1, D2, D3, in situ SCC, invasive SCC on each tongue.

For immunohistochemistry tissue sections were stained with anti-CD4, --CD8 (both from (Abgent), --DCIR2 (Novus Biologicals) and Melan-A (Dako) primary antibodies (1:200), followed by Vectastain ABC kit (Vector Laboratories), according to manufacturer\'s instructions. For immunofluorescence, tissue sections were stained with fluorescein isothiocyanate-labeled lectin (Lycopersicum esculentum; Vector Laboratories), cyanine 3-labeled anti-αSMA antibodies (Sigma-Aldrich), anti-BrdU (Abcam) or anti-CD31 (Pharmingen Becton Dickinson). All primary antibodies were diluted 1:100, followed by AlexaFluor-conjugated secondary antibodies (Molecular Probes, 1:2000). Image acquisition was performed using either the ImageXpress Micro high-content screening microscope (Molecular Devices) or confocal microscopy (LSM510 META; Carl Zeiss) for subsequent three-dimensional (3D) reconstruction of the vascular network.

2.7. Real Time PCR {#s0045}
------------------

Total RNA was extracted using TRIzol (Invitrogen) and reverse transcribed using hexameric random primers (Invitrogen). PCR amplification was performed using TaqMan Gene Expression Assays (AppliedBiosystems). The RPL-37 housekeeping gene was used to normalize the results. Experiments were performed on 3 biological replicates, each one consisting of 3 technical replicates.

2.8. Flow Cytometry {#s0050}
-------------------

For tumor infiltrate analysis, tumors were harvested 10 days after inoculation, digested with Collagenase type 2 (Worthington-Biochemical Corporation), 265 U/ml for 30 min at 37 °C IV and then smashed through a 70-μm nylon mesh filter (BD Falcon). Part of the mice was subjected to in vivo perfusion with PBS before tumor explantation to remove all blood cells, whereas tumors not subjected to perfusion were treated with Ammonium-Chloride-Potassium (ACK) Lysing Buffer (Gibco-ThermoFisher Scientific) for red blood cell lysis. For surface staining, cells were incubated with anti-Fc receptor antibody (clone 93) and stained with antibodies in PBS + 1% bovine serum albumin for 30 min on ice. Antibodies against CD45 (30-F11), CD11b (M1/70), Ly6C (HK1.4), CD19 (1D3), CD4 (GK1.5) and CD8 (53-6.7) were purchased from Biolegend, against CD11c (N418) and I-A/I-E (M5/114.15.2) were purchased from eBioscience, against *F*4/80 (A13) were purchased from Serotec. Analysis was performed using FACS Aria II (BD Bioscience), according to the gating strategy shown in [Supplementary Fig. S2](#f0030){ref-type="graphic"}. Dead cells were marked by the LIVE/DEAD Fixable Cell Stain (Invitrogen-ThermoFisher Scientific), which.

permeates the compromised membranes of necrotic cells and reacts with free amines both inside the cells and on the cell surface, resulting in intense fluorescent staining. In contrast, in viable cells only the cell-surface amines are available to react with the dye, resulting in relatively dim staining. Dead cells, corresponding to the brightest population in [Supplementary Fig. S2](#f0030){ref-type="graphic"}, were excluded from the analysis.

2.9. Statistical analysis {#s0055}
-------------------------

Statistical significance of the differences among the groups within each time point for cell proliferation, and RT-PCR results was assessed by two-way analysis of variance for repeated measurements using the Kruskal--Wallis test.

In the case of experiments entailing the follow-up of the same animals over multiple time points, ANOVA on repeated measures (followed by Bonferroni post-hoc analysis) was used to analyze statistical significance of the differences between groups over time. All the differences concerning mice weight over time within each group were examined using the non-parametric Friedman test.

All statistical assessments were two-sided, and *P* values \< 0.05 were considered significant. All analyses were performed using the SPSS 15.0 software.

3. Results {#s0060}
==========

3.1. Laser Treatment Inhibits Tumor Growth and Invasion Without Directly Affecting Tumor Cell Proliferation {#s0065}
-----------------------------------------------------------------------------------------------------------

To start exploring the possible effect of laser light on cell proliferation, we exposed various primary and cancer cell lines to three laser protocols (L1, L2 and L3), set at increasing wavelengths. All protocols slightly increased ATP content in primary skin fibroblasts at 24 h and this effect was maintained at 48 h especially for the L3 protocol ([Supplementary Fig. S3](#f0035){ref-type="graphic"}a). In the case of primary endothelial cells, the most effective protocols were L2 and L3 at both time points ([Supplementary Fig. S3](#f0035){ref-type="graphic"}b). Cell proliferation was transiently increased by laser treatment also in U2OS osteosarcoma cells (L2 and L3 protocols) and B16F10 melanoma cells (L3 protocol), but no significant differences in ATP content or cell counts (not shown) were observed at 48 h after laser irradiation for none of the tested cancer cells ([Supplementary Fig. S3](#f0035){ref-type="graphic"}c, d). No significant changes in temperature were detected by a Thermal Imager for any of the employed protocols ([Supplementary Fig. S1](#f0025){ref-type="graphic"}a).

We then investigated the effect of the same protocols on tumor growth in vivo, upon injection of B16F10 cells subcutaneously in syngeneic C57BL/6 mice. All the animals developed a visible tumor mass of comparable size 10 days after cell implantation, when they were randomly divided into 4 experimental groups, each one assigned to a different laser protocol (L1, L2, and L3) or left untreated (control). As shown in [Fig. 1](#f0005){ref-type="fig"}a, the volume of the tumor mass progressively increased in all groups, but starting from the last day of laser treatment (day 14), a clear reduction in tumor growth rate was evident for all the three laser protocols (*P* \< 0.05 and *P* \< 0.01 at day 14 and 15, respectively). No significant differences in either body weight or local body temperature were observed as a consequence of PBM with all the employed protocols over time ([Supplementary Figs. S3](#f0035){ref-type="graphic"}e and [S1](#f0025){ref-type="graphic"}b).

Microscopic evaluation of tumor sections upon Melan-A staining, which labels melanoma cells, revealed a remarkable infiltration of tumor cells in the surrounding tissue in control animals ([Fig. 1](#f0005){ref-type="fig"}b upper panels and 1c). A clear reduction in the number of infiltrating cells was observed particularly upon tumor irradiation using the L3 protocol ([Fig. 1](#f0005){ref-type="fig"}c and b, lower panels).

Thus, while laser light seems to increase the proliferation of cultured cells, the net effect in vivo is a reduction of tumor growth and tumor cell infiltration in surrounding tissues. This effect is mostly evident for the L3 protocol, which displays intermediate light penetration and the highest power density.

3.2. Laser treatment improves perfusion and maturation of tumor vessels {#s0070}
-----------------------------------------------------------------------

Inspired by this unexpected finding, namely that laser light reduced rather than increasing, tumor growth in vivo and by our previous data supporting the angiogenic effect of PBM, we analyzed the tumor vascular network in treated and untreated animals. While we did not detect any difference in the number of CD31^+^ endothelial cells, all the three tested protocols markedly increased the number of α-SMA^+^ arteries in both the tumoral and peri-tumoral areas ([Fig. 1](#f0005){ref-type="fig"}d, e). Considering the importance of tumor-associated macrophages in controlling both tumor growth and vascularization, we quantitatively assess macrophage infiltration by flow cytometry. The analysis was performed either on the whole tumor mass including the intravascular compartment, or upon in vivo perfusion, thus excluding the intravascular compartment. The total number of *F*4/80^+^ cells, which most likely tumor associated macrophages, was not significantly modified by laser treatment, either in perfused or not perfused tumors, ([Supplementary Fig. S4](#f0040){ref-type="graphic"}a) and immunohistochemistry ([Supplementary Fig. S4](#f0040){ref-type="graphic"}b). Next, we better defined macrophage phenotype by sub-dividing them according to the relative expression level of the Ly6C antigen. While F4/80^+^ Ly6C^−^ macrophages were equally represented in perfused and not perfused tumors, and not even changed upon laser treatment ([Fig. 1](#f0005){ref-type="fig"}f), clear differences were detected in the abundance of F4/80^+^ Ly6C^+^ macrophages, typically associated to invasive, highly vascularized cancers ([@bb0090]). Indeed, while these cells tended to be more represented within the intravascular compartment of laser-irradiated tumors, their extravascular content was significantly reduced by laser treatment ([Fig. 1](#f0005){ref-type="fig"}g). This capacity of laser light to reduce the number of resident F4/80^+^ Ly6C^+^ macrophages, while increasing their intravascular content, is fully compatible with en effect of laser on improving the function of tumor vessels, thereby resulting in increased tumor perfusion. Thus, L3 laser treatment is effective in promoting structural and functional maturation of tumor vessels in the melanoma syngeneic model.

We than validated the effect of laser light on tumor angiogenesis and growth in a model of oral carcinogenesis, which better reproduces the clinical condition. The administration of 4-NQO in the drinking water for 16 weeks resulted in the appearance of either dysplastic or neoplastic lesions in 100% of the animal tongues by week 20, when animals were randomly divided into 2 groups, to be either exposed to the L3 protocol (the most effective protocol in the previous experiments) or left untreated as controls. We first stained tongue sections using anti-CD31 and anti-α-SMA antibodies. While CD31^+^ capillaries appeared to have a more regular pattern but were not increased in number (not shown), α-SMA^+^ arterioles were again significantly increased in laser-treated lesions ([Fig. 2](#f0010){ref-type="fig"}a, b). We also perfused the animals with fluorescein-labeled lectin to stain the intraluminal side of blood vessels. Whereas control lesions showed an irregular pattern of vessels and extravascular diffusion of the dye, indicating abnormal vascular permeability, laser treatment resulted in a more regular and structured vessel pattern, in the absence of dye leakage ([Fig. 2](#f0010){ref-type="fig"}c and [Supplementary movie 1](#ec0005){ref-type="supplementary-material"}, [Supplementary movie 2](#ec0010){ref-type="supplementary-material"}). What are the consequences of these vascular changes on cancerogenesis progression? L3 laser treatment reduced the appearance of all kind of dysplastic lesions (D1, D2 and D3; D1 + D2 + D3: 73 in the control and 58 in the L3 groups, respectively; *P* \< 0.05) and was even more effective in reducing the number and the percentage of both in situ and invasive carcinomas (total SCC number: 38 in the control and 16 in the L3 groups, respectively; *P* \< 0.01; [Supplementary Table 1](#ec0005){ref-type="supplementary-material"}). Of interest, while in the control group, the carcinoma lesions were almost invariably surrounded by waves of dysplastic tissue (essentially D3 and D2 lesions), similar to what normally happens in patients affected by oral SCC, in a few instances the laser treatment resulted in a neoplastic area completely surrounded by healthy tissue, as shown in [Fig. 2](#f0010){ref-type="fig"}d.

Thus, laser treatment inhibits tumor progression and improves functional vessel maturation also in a model of oral carcinogenesis.

3.3. Laser treatment promotes immune cell recruitment around tumor masses {#s0075}
-------------------------------------------------------------------------

Based on the evidence that laser light does not directly reduce tumor cell proliferation but rather affected tumor vascularization, partially modulating the infiltration of pro-angiogenic macrophages, we extended the analysis to other immune cell subsets, potentially able to influence tumor microenvironment. We first evaluated the global presence of immune cells using the pan-leukocytic marker CD45. Remarkably, the number of immune cells upon laser irradiation was significantly increased, an increment that was completely lost upon perfusion, indicating that leukocytes mostly resided within the intravascular compartment ([Supplementary Fig. S4](#f0040){ref-type="graphic"}c) and supporting the effect of laser light in boosting tumor perfusion. We then moved assessing the presence of tumor-infiltrating T lymphocytes (both CD4^+^ and CD8^+^ cells), which represent a longstanding topic of interest for their prognostic significance in the outcome of various cancers. By immunohistochemical analysis of the border region between tumor and the surrounding, healthy tissue, we could detect a higher density of these cells (both CD4^+^ and CD8^+^ cells), which tended to get closer and unwrap the tumor mass, particularly in the case of the L3 protocol compared to untreated tumors ([Fig. 3](#f0015){ref-type="fig"}a and [Supplementary Fig. S4](#f0040){ref-type="graphic"}d). However, when quantitatively assessing cell infiltration by flow cytometry, we found no significant differences in the content of any T lymphocyte type either in perfused or in not perfused animals ([Fig. 3](#f0015){ref-type="fig"}b, c). Similar results were obtained for CD19^+^ B lymphocytes ([Fig. 3](#f0015){ref-type="fig"}d) and CD11b^+^ Ly6C^int^F4/80^−^ SSC^high^ polymorphonuclear neutrophils (PMNs) ([Supplementary Fig. S4](#f0040){ref-type="graphic"}e), which were equally represented in treated and untreated tumors, regardless of perfusion. Thus, laser light does not have an impact on the number of infiltrating T lymphocytes, but rather causes a re-distribution of these cells around the tumor mass.

Next, we focused our attention on dendritic cells (DCs), which also potently influence tumor growth and invasion. Similar to what we have observed for T lymphocytes, while in control tumors a few DCIR2^+^ DCs were detected around the neoplastic field, upon laser treatment, and especially upon L2 and L3 protocols, these cells get closer to the tumor cells and often invaded the tumor mass itself ([Fig. 3](#f0015){ref-type="fig"}e). The number of infiltrating CD11c^+^ MHC-II^high^F4/80^−^ DCs was not significantly affected by laser treatment neither in perfused nor in not perfused tumors. However, we observed a trend toward increased DC density in L3-treated tumors in not perfused animals ([Fig. 3](#f0015){ref-type="fig"}f), suggesting that incoming DCs gather closer to the tumor mass upon treatment.

To better investigate a potential, direct activity of PBM on DCs, we prepared primary DC cultures from the mouse bone marrow. We were not able to detect any increase in cell metabolism/proliferation after exposure of DCs to laser light, either in the presence or in the absence of LPS, a potent inducer of DC activation ([Supplementary Fig. S3](#f0035){ref-type="graphic"}f). Of interest, when we assessed the capacity of DCs to secrete type I IFNs by ELISA, we observed that the 3 laser protocols remarkably increased the production of these cytokines, and in particular of IFNα, well known for their potent anti-cancer activity ([@bb0075], [@bb0105]) ([Fig. 4](#f0020){ref-type="fig"}a). We finally evaluated whether the expression levels of type I IFNs were also changed within melanoma tumors in vivo upon laser treatment and found that the three protocols effectively up-regulated the expression of these cytokines, consistent with their anti-tumor effect ([Fig. 4](#f0020){ref-type="fig"}b). Based on these results, we evaluated the effect of L3 laser irradiation on B16F10 tumor growth in IFNα receptor (IFNAR) knockout (KO) mice, characterized by the complete absence of IFNα/β activity ([@bb0095]). Tumor development was enhanced in the IFNAR KO animals but not affected by laser treatment at any time point ([Fig. 4](#f0020){ref-type="fig"}c). Different from wild type animals, at microscopic evaluation we could not detect any particular recruitment of T lymphocytes, either CD4^+^ or CD8^+^ cells, around the tumor mass upon laser treatment ([Fig. 4](#f0020){ref-type="fig"}d). The number of DCs surrounding the tumor mass was overall reduced in IFNAR KO animals, but again not affected by laser light ([Fig. 4](#f0020){ref-type="fig"}e, f). Thus, laser treatment loses its potential to inhibit tumor growth and to foster immune cell recruitment toward the tumor mass in IFNAR KO mice, indicating a relevant role of IFNα and IFNβ in mediating the effects of laser light in vivo.

4. Discussion {#s0080}
=============

While we have designed this study to assess the safety of PBM, our results provided novel, unexpected results. Not only tumor growth was not increased by laser light, but also the 3 tested protocols effectively reduced lesion size and markedly affected tumor microenvironment in both B16F10 and oral carcinogenesis models. Our study presents the following novelty features: i) it demonstrates that the effect of laser light on cancer cell growth is different in cell culture and in vivo; ii) it shows a remarkable effect of PBM on tumor vasculature, resulting in a more structured and functional vascular network; iii) it unveils a potent activity of laser light on immune modulation and DC activation, mediated by type 1 IFNs.

The need to clearly establish the effect of laser light on cancer stems from our routinely use of this technique for the treatment of radio/chemo-therapy side effects ([@bb0030], [@bb0055], [@bb0100]). Despite a common consensus by the scientific community on the efficacy of PBM on mucosal injuries ([@bb0085]), very few studies reliably assessed the effects of exposing dysplastic or even cancer tissues to laser irradiation, which represents a realistic scenario in most oncological patients, as residual tumor cells may still be present following oncological treatments for head and neck cancer, even in the absence of macroscopic lesions ([@bb0110]).

While most of the previous studies mainly assessed the effect of laser light on cancer cells in culture, here we intentionally explored whether PBM exerted the same activity ex vivo and in vivo. We exposed various primary cells and cancer cell lines to different laser protocols (L1, L2 and L3) and noticed that in most instances, the net effect was a significant increase in cell metabolism and proliferation, in agreement with available literature data ([@bb0050]). Of notice, not all cell types responded in the same manner to each protocol, possibly indicating a different content of endogenous porphyrins and cytochromes, which are generally acclaimed as the primary laser light receptors ([@bb0045]). Indeed, primary cells tended to respond better to PBM than cancer cells, which often carry abnormalities in their mitochondria. Most relevant, when irradiating the same B16F10 cells ex vivo and in vivo, we observed an opposite effect. Despite a modest, but significant increase in ATP content was detected in cultured cells upon exposure to the L3, all 3 protocols markedly reduced tumor growth in vivo, as well as the number of neoplastic cells infiltrating and invading of surrounding tissues. These results are consistent with a few published reports assessing the in vivo behavior of tumors exposed to laser light, and showing that low power and energy doses have no influence on tumor growth, or rather they can inhibit it ([@bb0005]).

The lower index of tumor growth and invasiveness in laser treated animals, and especially in the L3 group, was accompanied by a notable presence of immune cells (essentially T lymphocytes and DCs) around the tumor mass. These findings are in line with the recent observation that laser light can be exploited to activate dermal DCs to effectively migrate to draining lymph nodes and to induce antigen-specific CD8^+^ and CD4^+^ T cell responses in the same melanoma mouse model ([@bb0125]). Besides opening the way to completely novel strategies to enhance cancer immunotherapy and vaccination in general, these data also shed some light on the mechanisms by which PBM could inhibit tumor growth in vivo, and thus be considered a safe procedure in cancer patients. Notably, we showed that the direct irradiation of primary DCs significantly increased the secretion of type I IFNs and a consistent up-regulation of these cytokines was detected in vivo in B16F10 tumors upon exposure to any of the 3 tested laser protocols. Type I IFNs are well known for their peculiar anti-proliferative, pro-apoptotic and anti-angiogenic properties, which are essential for immunosurveillance of cancer, and already exploited clinically in a variety of malignancies (reviewed in [@bb0145]). The observation that laser treatment completely lost its effect in IFNAR KO mice is a clear indication that IFNα and IFNβ are essential mediators of the anti-cancer activity of laser light in vivo. At what extent the activation of immune cells, and in particularly DCs, might also be responsible of the clearance od dysplastic lesions observed in the oral carcinogenesis model, similarly to what observed in human oral SCC ([@bb0135]), still remains an open question. Since it is known that mild hyperthermia can exert immune-modulatory activities ([@bb0070]), we cannot formally exclude that the observed effects derive, at least in part, from cell and tissue heating. However, the evidence that the most effective protocol (L3) did not increase the temperature of either cultured cells or body surface, points toward a minimal, if not null contribution of hyperthermia to the anti-cancer effect of PBM.

From our analysis of intra-tumoral immune cell content by flow cytometry, we invariably detected an increased number of cells in not perfused compared to perfused animals in the L3 group. This is an indirect, albeit strong indication that laser treatment enhanced the perfusion of the tumor mass, thus increasing the number of cells within its intravascular compartment. Of notice, whereas most of the immune cell types were equally abundant within the extravascular space in control and laser-treated animals, L3 therapy resulted in a significant reduction on the number of F4/80^+^ Ly6C^+^ cells, which most probably represent pro-angiogenic macrophages. This observation led us to analyze the tumor vasculature in both the B16F10 and the oral carcinogenesis models. In both cases, we observed that laser irradiation resulted in a significant increase in the number of α-SMA^+^ arterial vessels and a more regular and structured vessel pattern, as assessed by immunofluorescence and in vivo perfusion with fluorescent lectin. The ultimate outcome of these effects was the reduction of tumor progression, fitting the concept of "vessel normalization", originally put forward as a goal to improve blood supply and enhance drug delivery by low-dose anti-angiogenic agents and more recently emerging as an innovative strategy to inhibit tumor growth rate ([@bb0020]).

Collectively, our results clearly indicate that any experiment assessing the effect of laser light on cultured cells is not representative of the in vivo condition. Indeed, whereas laser light increased cell metabolism and proliferation in cell culture, the overall effect in vivo was a reduced tumor progression. These results were totally unexpected and are definitely exciting in terms of clinical translatability, as they set PBM as a safe procedure and warrant further investigation exploring its inclusion in multimodal anti-cancer protocols in humans. Which protocols should be put forward as the most effective ones? Our data tend to indicate that L1 and L3, set at 660 nm and 970 nm respectively, could be more efficacious than L2 (800 nm) in activating immune cells and normalizing tumor vessels, possibly because of their lower penetration and enhanced activity on the more superficial dermal and sub-mucosal layers, where most of the immune cells and blood vessels normally reside.

The following are the supplementary data related to this article.Supplementary movie 1Supplementary movie 1Supplementary movie 2Supplementary movie 2Supplementary Table 1Descriptive statistics of the number and frequency of dysplastic and neoplastic lesions in 4-NQO-treated mice (n = 50). D1, mild dysplasia; D2, moderate dysplasia; D3, severe dysplasia; SCC, squamous cell carcinoma. N: number of valid cases. P: significance of the differences in the distribution of each lesion between the L3 and the control group (Mann-Whitney test). Significant differences are shown in bold.Supplementary Table 1Supplementary Fig. S1a. Evaluation of cell culture temperature at baseline, during and after the PBM. b. Evaluation of mice body surface temperature at baseline, during and after the PBM.Supplementary Fig. S1Supplementary Fig. S2Gating strategy to identify immune cell subsets at the tumor site. Tumors were digested and stained with different cocktails of antibodies to identify myeloid and lymphoid cells. Dead cells and doublets were excluded from further analysis. Among CD45^+^ cells and CD11b^−^ cells, CD4^+^ T cells, CD8^+^ T cells and B cells (CD19^+^) were identified. Staining with CD11c, F4/80, CD11b^−^, MHCII and Ly6C was used to identify DCs (CD11c^+^ MHCII^+^ F4/80^−^), PMNs (CD11b^+^ F4/80 SSC^high^Ly6C^int^) and tumor-associated macrophages (CD11b^+^ F4/80^+^), further subdivided into Ly6C^+^ and Ly6C^−^.Supplementary Fig. S2Supplementary Fig. S3a--d. Effect of laser treatment on ATP content in fibroblasts (a), endothelial cells (b) U2OS osteosarcoma cells (c) and B16F10 melanoma cells (d) at 24 and 48 h after exposure to L1, L2 and L3 laser protocols, e. Assessment of mice weight (g) over time. f. Analysis of ATP content in primary DCs at 24 h after exposure to L1, L2 and L3 laser protocols, either in the presence or in the absence of LPS. Data are expressed as means ± SD; \**P* \< 0.05, \*\**P* \< 0.01 versus control.Supplementary Fig. S3Supplementary Fig. S4a, c, e. Flow cytometry analysis of the number of F4/80^+^ macrophages (a), CD45^+^ leukocytes (c) and CD11b^+^ Ly6C^int^F4/80^−^ SSC^high^ PMNs (e) per gram of tumor, upon either in vivo perfusion or red blood cell lysis by ammonium-chloride-potassium (ACK). Data are expressed as means ± SD; \**P* \< 0.05 versus control, b. Immunohistochemistry of F4/80^+^ macrophages recruited around the tumor mass (black asterisk) in control and L3 treated animals. Scale bar: 50 μm. d. Immunohistochemistry of CD4^+^ and CD8^+^ lymphocytes inside the B16F10 tumor mass, marked by an asterisk, and in the peri-tumoral area, in L1 and L2 treated group. Scale bar: 50 μm.Supplementary Fig. S4
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![Laser treatment reduces melanoma growth and invasion while promoting maturation of tumor vessels. a. Assessment of tumor volume upon subcutaneous implantation of B16F10 melanoma cells in C57BL/6 mice. b. Representative pictures of invasive Melan-A^+^ melanoma cells (black arrows) in the peritumoral area. Scale bar: 100 μm in the left panels and 200 μm in the right panels. c. Number of Melan-A^+^ melanoma cells/field in the peritumoral area. d. Number of α-SMA^+^ arteries/field in the peritumoral area. e. Immunofluorescence staining of tumor vasculature showing CD31^+^ endothelial cells (green), α-SMA^+^ smooth muscle cells (red). Nuclei are stained with DAPI (blue). Scale bar: 100 μm. f, g. Flow cytometry analysis of F4/80^+^ Ly6C^−^ (f) and F4/80^+^ Ly6C^+^ pro-angiogenic macrophages (g), per gram of tumor, upon either in vivo perfusion or red blood cell lysis by Ammonium-Chloride-Potassium (ACK). Data in a, c, d, f and g are expressed as means ± SD, \**P* \< 0.05, \*\**P* \< 0.01.](gr1){#f0005}

![Laser treatment inhibits tumor growth in a mouse model of oral carcinogenesis. a. Number of α-SMA^+^ arteries/field in the peritumoral area. Data are expressed as means ± SD; \*\**P* \< 0.01 versus control. b. Immunofluorescence staining of tumor vasculature showing CD31^+^ endothelial cells (green), α-SMA^+^ smooth muscle cells (red). Nuclei are stained with DAPI (blue). Scale bar: 50 μm. c. Images of tongue sections from animals perfused in vivo with fluorescein-labeled lectin (green) to stain the intraluminal side of vessels. Nuclei are stained with DAPI (blue). Scale bars: 1 mm (upper panels) and 100 μm (lower panels). d. Haematoxylin-eosin staining of dysplastic and neoplastic lesions arose on mouse tongues upon exposure to 4-NQO. A dividing line can be drawn to separate invasive carcinoma from healthy mucosa in a representative L3-treated animal (upper panel), whereas a wave of progressive dysplasia was always present close to any carcinoma in control group (lower panel). SCC: squamous cell carcinoma. D2: moderate dysplasia. D3: severe dysplasia. Red lines and numbers in the black square box indicate the size of each lesion. Scale bar: 100 μm.](gr2){#f0010}

![Laser treatment recruits immune cells around tumor masses. A. Immunohistochemistry of CD4^+^ and CD8^+^ lymphocytes inside the B16F10 tumor mass, marked by an asterisk, and in the peri-tumoral area, in control and L3 treated group. Scale bar: 50 μm. b--d and f. Flow cytometry analysis of the number of CD4^+^ T lymphocytes (b), CD8^+^ T lymphocytes (c), CD19^+^ B lymphocytes (d) and CD11c^+^ MHC-II^high^F4/80^−^ DCs (f) in tumors subjected either to in vivo perfusion or to red blood cell lysis by Ammonium-Chloride-Potassium (ACK). Data are expressed as means ± SD per gram of tumor (no significant differences). e. Immunohistochemistry of DCIR2^+^ DCs (black arrows) inside the B16F10 tumor mass (black asterisk) in control and laser-treated groups. Scale bar: 100 μm.](gr3){#f0015}

![Effect of laser treatment on DC activation and type I IFNs secretion. a. Real-time quantification of IFNα, IFNβ and IFNγ secreted by primary DCs following laser irradiation (24 h). b. Real-time quantification of IFNα, IFNβ and IFNγ mRNAs from B16F10 melanoma tumors following laser irradiation (day 15). c. Assessment of tumor volume upon subcutaneous implantation of B16F10 melanoma cells in IFNAR KO mice. d. Immunohistochemistry of CD4^+^ and CD8^+^ lymphocytes inside the B16F10 tumor mass (marked by an asterisk) and in the peri-tumoral area in control and L3-treated IFNAR KO mice. Scale bar: 50 μm. e. Number of DCIR2^+^ cells/field in the peritumoral area of wild type and IFNAR KO mice. Data are expressed as means ± SD. f. Immunohistochemistry of DCIR2^+^ DCs (black arrows) inside the B16F10 tumor mass (black asterisk) in control and L3-treated IFNAR KO mice. Scale bar: 100 μm.](gr4){#f0020}
